Inhibition of manganese peroxidase by cadmium was studied under steady-state and transient-state kinetic conditions. Cd II is a reversible competitive inhibitor of Mn II in the steady state with K i < 10 mm. Cd II also inhibits enzyme-generated Mn III ±chelate-mediated oxidation of 2,6-dimethoxyphenol with K i < 4 mm. Cd II does not inhibit direct oxidation of phenols such as 2,6-dimethoxyphenol or guaiacol (2-methoxyphenol) Keywords: cadmium; inhibition; kinetic analysis; manganese peroxidase; thermal stability.
White-rot basidiomycetous fungi are primarily responsible for the degradation of lignin, a heterogeneous phenylpropanoid polymer constituting 20±30% of woody plant cell walls [1±4] . Major components of the extracellular lignin-degrading system of the white-rot fungus, Phanerochaete chrysosporium, include two heme peroxidases, lignin peroxidase and manganese peroxidase, as well as enzymes involved in peroxide generation [3±6] . Unlike other enzymes involved in lignin degradation by P. chrysosporium, manganese peroxidases are produced by essentially all lignin-degrading fungi [7, 8] . Investigation of this enzyme is therefore important to our understanding of this important degradative pathway.
Manganese peroxidase isozyme I from P. chrysosporium has been purified and extensively characterized by a variety of biochemical and biophysical techniques [6,9±11] . Spectroscopic, DNA sequence, and crystallographic studies suggest that the heme environment of manganese peroxidase is similar to that of other plant and fungal peroxidases [10,12±15] . However, manganese peroxidase is the only such peroxidase that catalyzes the one-electron oxidation of Mn II , a component of woody plant tissues [16] , to Mn III [9, 10] [18,25±27] .
Crystal structure [15, 28] and site-directed mutagenesis studies [11, 26, 29] indicate that the Mn II in the manganese peroxidase binding site is hexaco-ordinate with four carboxylate ligands from the side chains of three amino acids, Asp179, Glu35, and Glu39, and heme propionate 6, as well as two water ligands, one of which is hydrogen-bonded to heme propionate 7. Competition for these ligands by other metal ions has not been studied extensively. Sm III 
M A T E R I A L S A N D M E T H O D S

Enzyme preparation
Manganese peroxidase isozyme I was purified from the concentrated extracellular medium of acetate-buffered, highcarbon/low-nitrogen liquid agitated cultures [33] of P. chrysosporium wild-type strain OGC101 [34] . The concentrated medium was pH-adjusted to 6.5 and loaded on a DEAESepharose column equilibrated with 20 mm potassium phosphate, pH 6.5. The column was washed with 20 mm potassium phosphate, pH 6.0, and manganese peroxidase was eluted as a single band with 20 mm sodium succinate, pH 5.5. The eluate was washed, concentrated, and further purified by Cibacron Blue 3GA dye affinity chromatography and FPLC using a Mono Q column as previously described [29, 35] . 
Kinetic and spectrophotometric analyses
Steady-state kinetics of Mn II oxidation were measured as Mn III ±malonate formation at 270 nm as previously described [10] , using a Shimadzu UV-260 spectrophotometer. Binding of Cd II to manganese peroxidase in 50 mm malonate, pH 4.5, was determined using difference spectroscopy, as previously described for Mn II binding [10] . Transient-state kinetic experiments were performed on an Applied PhotoPhysics SX.18 MV sequential stopped-flow reaction analyzer at 25.0^0.2 8C, as recently described [36] . Complete formation of enzyme intermediates was confirmed by rapid scanning.
Substrate oxidations were analyzed in the presence or absence of various amounts of CdSO 4 in 50 mm potassium malonate, pH 4.5, as indicated. The ionic strength (I ) of all solutions was adjusted to 0.1 m with K 2 SO 4 . A minimum 10-fold excess of substrate over enzyme was used in all reactions to ensure pseudo-first-order reaction kinetics. Reduction of MnPI was followed at 416 nm, the isosbestic point between MnPII and native enzyme. Formation of MnPI and reduction of MnPII were followed at 397 nm, the isosbestic point between MnPI and MnPII. All kinetic traces displayed single-exponential character, from which pseudo-first-order rate constants were calculated. [37] . Solutions used for kinetic assays were prepared with HPLC-grade water from Sigma-Aldrich. Atomic absorption standards for Mn, Fe and Cd were obtained from Sigma-Aldrich. Other solutions were prepared using distilled water further purified by the MilliQ 50 (Millipore) filtration system. DMP was purified by silica gel chromatography in hexane/ethyl acetate before use. . ND indicates no inhibition detected. Constants of inhibition in the transient-state were calculated using assumptions described in the text.
Thermal inactivation of enzyme
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Transient-state inhibition Binding (Fig. 1B, inset) .
The effect of Cd II on the oxidation of 2,6-DMP by manganese peroxidase in the presence of Mn II was also investigated. The inverse plot shows competitive inhibition with a calculated K i < 4 mm (data not shown). Under steadystate conditions, the direct oxidation of 2,6-DMP or guaiacol by manganese peroxidase in the absence of Mn II was not inhibited by Cd II (data not shown).
Binding of Cd II to manganese peroxidase
Cd II binding to manganese peroxidase in malonate, pH 4.5, produces characteristic difference spectra similar to those observed for Mn II ±manganese peroxidase binding [10] . The spectra display a maximum at < 403 nm and minimum at < 424 nm (Fig. 2) . The apparent dissociation constant, , for all concentrations of Cd II (Table 2) , similar to previous reports of wild-type and various mutant manganese peroxidases [11, 26, 29, 38] . Cd II does not appear to affect MnPI formation (Fig. 3A) q FEBS 2000
In this case, k obs is described by Eqn (2), where [MnPI] is the concentration of cadmium-free MnPI.
The reactions are carried out under pseudo-first-order conditions such that:
Assuming a rapid pre-equilibrium reaction between MnPI and Cd II , the K i,MnPI representing the equilibrium dissociation constant for the MnPI±Cd II complex can be used to obtain the following expression for k 2,obs :
The apparent second-order rate constant (k 2,app An expression for k obs (Eqn 5) can be derived for Scheme 2, assuming competitive inhibition and rapid pre-equilibria between MnPII and both metals, which appears to hold for lower Cd II concentrations (, 10 mm):
This expression reduces to Eqn (6) when the Cd II concentration is zero:
The 
Effect of Cd
II on thermal inactivation of manganese peroxidase. The effect of Cd II on the thermal inactivation of manganese peroxidase was investigated by monitoring the activity remaining after the enzyme was incubated alone and in the presence of metal at 55 8C, as described above. The fraction of activity remaining vs. time is plotted in Fig. 5 , and the halflives for each combination are reported in Table 4 
D I S C U S S I O N
The binding of Cd II to manganese peroxidase results in a perturbation of the heme Soret which is similar to that observed on binding of Mn II to the enzyme. This suggests that Cd II is binding at a site close enough to the heme to affect the electronic absorption spectrum of the prosthetic group. X-raycrystallographic analysis indicates that the Mn II -binding site comprises the carboxylates of three amino acids, Asp179, Glu35, and Glu39, as well as the carboxylates of heme propionate 6 and, through a bridging water, heme propionate 7 [15] . Cd II can compete with Mn II for its binding site on the enzyme, but additional competition between the two metals for chelator presumably also occurs. The contribution of this competition to the observed inhibition cannot be determined from the data presented here. However, considering the excess chelator concentrations used in our experiments, we believe the inhibition observed is primarily due to competition at the Mn IIbinding site. II is a second-order process, information on binding and catalysis are combined in the rate constant and cannot be distinguished (Scheme 1). In contrast, the reduction of MnPII displays saturation kinetics', indicating that at high concentrations the formation of the productive ES complex consisting of Mn IIbound MnPII (Scheme 2) can be observed. In this case, binding is so much faster than catalysis that the ES accumulates and the kinetics of binding and catalysis can be separated into an apparent binding constant, K d , and apparent first-order catalytic rate constant, k 3,app . The addition of Cd II to the reaction (Scheme 2) most likely results in depletion of the functional ES (Fig. 4) [53] . However, our results indicate that, when manganese peroxidase is incubated at high temperature (55 8C) and the optimal pH (4.5), Ca II and Mn II differ markedly in their ability to stabilize the enzyme ( unpublished work) . However, the site itself appears to be quite weak, affording only two amino-acid ligands to the metal. The existence of a second low-affinity metal-binding site on manganese peroxidase is supported by previous potentiometric studies [55] . Metal ligation at the C-terminus could offer additional stabilization of the enzyme by tethering the C-terminal tail to the body of the protein. However, no metal has been observed at this site in previous crystal structures of Mn±manganese peroxidase [15, 28] , and it is unclear whether this apparent binding site in the crystal structure occurs in solution. Crystals used for X-ray analysis were formed in cacodylate buffer at pH 6.5 [15, 28] rather than under conditions optimal for activity (oxalate or malonate buffer at pH 4.5).
Metal binding in solution under conditions optimal for activity was studied by atomic absorption analysis. When manganese peroxidase was incubated with Mn II alone, 1 equiv. of the metal was bound to the enzyme, in accordance with our original X-ray-crystallography study [15] 
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